Abstract-A constrained swimming test showed that at fastest flow speeds, the tail-beat frequencies (TBF) of followers in a school of Japanese chub mackerels were significantly lower than those of the leading fish. The gross cost of transport (GCOT) of schooling fish was 4.8-6.6 J·kg -1 ·m -1 , whereas that of solitary swimming fish was significantly larger (9.2-11.5 J·kg -1 ·m -1 ). To examine the association between the configuration of individuals in the school and energy-saving, the threedimensional positions of individuals in a school were measured in a large tank. Although the school was not arranged in the diamond pattern known to be most effective for energy conservation, the TBF of the followers remarkably decreased when within the range of 1.4 BL (Body Length) from the leading fish in the school. The energy gain of schooling fish was greater than that derived from the potential-theory basis, implying a potential hydrodynamic synergy effect.
INTRODUCTION
Various hypotheses regarding the significance and the functionality of fish shoaling behavior have been discussed. The escape-response behavior of shoaling fish to oncoming predators diffuses from the first reacting to the following individuals in a school, with changes in bearing and swimming speed aiding the fast escape of all individuals. [1] In addition, one mathematical model indicates that there is dilution in the benefit other individuals receive when escaping from a predator preying on other individuals in the school. [2] However, Pitcher suggested that evidence proving that fish have primarily evolved schooling behavior is lacking. [3] The researcher reported that fish schools find food faster than solitary individuals do. [4] Pitcher and Magurran suggested that passive information transfer among individuals in a school helps them to find food faster. [5] While it is hypothesized that fish schooling behavior exists as part of predatory-avoidance and survival strategies, this behavior also has hydrodynamic advantages, as suggested by Weihs. [6] Weihs predicted that follower individuals in a school experience less relative flow speed because the vortices in the wake behind a leading individual induces velocity in the propulsive direction. Therefore, the total energy consumption of the school would be reduced by individuals swimming in a school. [7] Weihs provided a theoretical quantitative description of the configuration of individuals in a school based on certain assumptions. Therefore, the position of an individual in a school of a given species may be quantified on the basis of this theoretical prediction. Yet, this quantification has received criticism from a biological perspective, leaving the hydrodynamic advantage of schooling under debate. [3] However, even though the configuration of fish in natural schools differs to theoretical configuration suggested by the author, wake vortices may have certain advantages.
In the present study, Japanese mackerel (Scomber japonicus) were used to measure the metabolic energetic expenditure of fish schooling when the hydrodynamic advantage of schooling behavior was present and absent. Specifically, we investigated constrained swimming activity in a flume tank. In addition, we measured the fish schooling configuration and energetic gain in a free ranging school that was swimming. We then used the assimilated data to infer the energetic gain of fish schooling based on Weihs's theory.
II. MATERIAL AND METHODS

Energy consumption of fish schooling behavior
Four Japanese mackerel (S. japonicus) were placed in a flume tank to measure oxygen consumption during swimming under a steady flow system. The experiments were carried out in a laboratory to allow the control of ambient light and water temperature. The observed section of the tank was 100 cm in length, 30 cm in width, and 20 cm in depth. The Japanese mackerel were obtained from the Shirahama Station of the Fisheries Laboratory of Kindai University, Japan. All experimental groups of fish were bred under the same conditions, at a constant temperature of 18.9-19.9°C. Fish of the following three different body lengths were used: 8.9 ± 0.5 cm, 13.6 ± 0.6 cm, and 17. 6 A digital video camera (Panasonic HDC-TM750) was used to record the swimming behavior of individual mackerel. Tail-beat frequency (TBF), distances from neighbors, and amplitude were measured for 5 s during steady swimming. The frame rate of the video camera was 60 fps. The horizontal x-y coordinates of the snout and tail of each individual were recorded for 300 frames using the original digitizing application. As a control experiment, transparent plastic sheets were used as separators to form four channels in the observation section of the tank. These plastic separators eliminated the hydrodynamic schooling effect generated by the presence of the other three individuals in the tank while retaining the optical effect of the other fishes' presence.
Schooling behavior of 3-D free ranging fish
Four Japanese mackerel were placed in a tank that was 200 cm in length, 90 cm in width, and 90 cm in depth. In this tank, the position of all individuals was recorded using a stereo camera system, from which the 3-D coordinates could be measured by a direct transformation algorithm. The same temperature and light intensity were used as in the constrained swimming test. The distances between individuals during schooling were inferred based on the time series data of the x-y-z coordinates of each individual. The relative position of the nearest follower to a leading fish was estimated based on the 3-D coordinates of the individuals in the school. The decrease in the tail-beat rate (Rd) of the follower fish compared to that of the leading fish was estimated from the video analysis. The distance between the shallowest and deepest swimmers in the school (Dv) was estimated as an indicator of school thickness.
Induced velocity of the vortices in the schoolgenerated wake
Weihs estimated the induced velocity provided by the vortices in the wake behind schooling individuals by complex potential flow theory. [7] We applied the results obtained in our tank experiments to Weihs' theory by calculating the relative velocity experienced by individuals in the wake of the fish leading the school. Figure 1 provides a schematic of the wake vortices. The complex potential w of a vortex in ideal fluid is expressed as:
= − log( − ) (2) where the equation = /2 ( is the circulation) represents the strength of the vortex and zv is the position of the vortex center. Code 2a in Figure 1 represents the distance between the vortices in the xdirection, while code 2b represents the range of lateral tail-beat oscillation assumed to be the distance between the vortices in the y-axis. Code 2c represents the lateral distance between adjacent individuals. The vortex arrays were defined as A1, A2, A3, and A4 (as shown in Fig. 1) ; thus, the complex potential of the array is described as:
where n is the order of the vortex in each array. From this definition of complex potential, the following equation is derived:
where u and v are the velocities in the x and y-axes, respectively. Parameters a, b, and c were estimated from the tank experiments, and the relative flow speed that was encountered by the individuals following the leaders in the school was computed using this equation.
An individual belonging to a lateral row gain positive thrust due to the "channeling effect" even if there are no leading fish in front of the individual. [6, 7] The thrust of an individual belonging to a lateral row can be evaluated from Euler's momentum theorem with the following equation:
where Re is the real part of the complex value, ΔM is the increase in momentum in the x-direction with period τ, and ρ is the density of the water. Note that T is the thrust per unit length in a direction perpendicular to the x-y horizontal plane. Weihs estimated the thrust of an individual belonging to the row based on Eq. (5) using the parameters a, b, c, and, k as the following equation:
where U and V are the absolute swimming speed of an individual and the velocity of the vortex street, respectively, and Im is the imaginary part of the complex value. The positive gain of the thrust due to the lateral row swimmers is different from the gain by the induced velocity as mentioned in Eqs. (4) and (5). Thus, double effects can be expected in schooling fish. [6, 7] 
III. RESULTS
Energy consumption of fish schooling behavior
The TBF of mackerel at different flow speeds in the flume tank were compared. At the fastest flow speed, the TBF of the leading fish at all three body sizes were greater than the TBF of the followers (Fig. 2) . The oxygen consumption (VO2: mg·kg -1 ·min -1 ) and the gross cost of transport (GCOT: J·kg -1 ·m -1 ) of each school (n = 4) of individuals with BL of 8.9 cm and 17.6 cm are shown in Fig. 3 . The VO2 and GCOT of fish in the control experiment is also shown in Fig. 3 . The VO2 and GCOT of experimental schools were 2.6- In the control, the GCOT vs. the flow speed curve was concave downwards, as reported in other studies about swimming costs of migratory fish. [8] However, this trend was not observed when fish were allowed to school. Fish that schooled had lower VO2 and GCOT values than those in the control group. To clarify whether the separator affected a swimming individual hydrodynamically, the individuals were subjected to constrained swimming in the flume tank with and without the plastic separator. The results showed that the presence of the separator had no significant effect on the swimming speed of any of the test fish. Fig.2 . The tail beat frequencies of mackerel at different flow speeds in the constrained swimming test of the schools was compared. * indicates that the tail beat frequencies of the leading fish were significantly greater than that of followers. Fig.3 . The oxygen consumption rate (VO2) and the gross cost of transport (GCOT) of each school (n = 4) with BL of 8.9 cm and 17. 6 cm, and the VO2 and GCOT of fish under the control experiment (with no-hydrodynamic effect, when fish were separated by plastic sheets).. Open circles and squares indicate the control experiment. * indicates that the VO2 of fish in the control experiment were significantly greater than those of schooling fish.
Schooling behavior in 3-D free ranging fish
The rate of decrease in Rd was higher when the follower was in the range of 1.4 BL to the leading fish (Fig.4) . Fig. 5 shows the Dv versus the average decreasing rate of Rd of the followers. The figure clearly shows that Dv increased with decreasing Rd for the four schooling individuals. Induced velocity of the vortices in the schoolgenerated wake Swimming parameters were estimated from the x-y coordinates of each individual for 5 s during steady swimming. The average tail-beating period (Ttb = 0.25 s), nearest neighbor distance in the y direction (ND = 3.5 cm), and tail-beat amplitude (Atb = 2.5 cm) were obtained from the video images of individuals of BL = 13.6 cm at a flow speed of 24 cm·s -1 . Nauen and Lauder examined velocity fields around the caudal fin of a swimming chub mackerel using the PIV method and estimated the circulation of the vortex ring ( ) in the wake produced by the caudal fin. . If we suppose that the circulation is proportional to the square of the body length, the of BL 13.6 cm is 24 cm 2 ·s -1 . From these parameters, we estimated the thrust parameters a, b, c and k, which are shown in Fig. 1 . This information was then used to calculate the velocity induced by the wake of the leading fish (Fig. 6) . We assumed that two leading individuals swam in the same direction in phase, equidistant (2c) from each other, and that each follower swam on the centerline between two leaders (Fig. 1 ).
Velocity and position are dimensionless values in Fig. 6 . A positive value for induced velocity indicates that the following fish was moving in a direction counter to the leading fish. The induced velocity periodically changed from −10 to +2. The average value over the range of tested individual body sizes in a propulsive direction was −3.73. This means that the counter flow speed for the follower decreased by 2.1 cm·s -1 and was estimated to be approximately 90% of the swimming speed of the leading fish. The thrust of an individual fish in the lateral row was estimated using Eq. (6), with the parameters obtained from the experiment. The third integral term in the equation is small and may be negligible in this case. The equation is in the x-y horizontal plane, the thrust was calculated as 3 cm, the depth of the examined fish's body height. From the above assumption, the thrust of a solitary individual was 4.1 mN. Conversely, the thrust of an individual swimming in the lateral row of the school was 5.5 mN, i.e., 1.34 times greater than that of the solitary fish. These values are comparable to the drag of the juvenile Pacific bluefin tuna. [10] IV. DISCUSSION While leading fish had greater TBF than the followers, there was no clear relationship between the frequencies and the ordering of the followers in the school. However, the energetic expenditure of individuals in the swimming school was significantly less than that of individuals excluded from the hydrodynamic schooling effect (Fig. 3) . This result indicates that the following fish in a school conserve energy, even if they are not organized in a rhombic formation as predicted by Weihs. [6, 7] The shape of the school is flat during free-ranging swimming, resulting in lower TBF of the followers compared to the leading fish. This result implies that the strength of the vortex ring varies spatially, being strongest near the plane that includes the lateral movement of the beating tail. However, this does not imply that energy gain is consistently achieved in a flat configuration; if some swimming fishes on the same level become layered, the school shape is not flat but thick. Thus, eventually, the school enhances energy conservation for swimming. This study demonstrated that the velocity induced by wake-generated vortices causes the counter flow speed of the follower fish to decrease. However, the velocity induced by four vortex arrays reduces the swimming speed of followers by 10%. Thus, approximately 20% of the kinetic energy of the school can be saved if the drag is proportional to the swimming velocity. The channeling effect enhances the thrust of the individual in the lateral row schooling, and the results of the present study showed that it increased the thrust by 1.34 times that of solitary fish. If the drag of the steadyswimming fish is proportional to the square of the swimming velocity, when the thrust is l times greater, the kinetic cost of transport (J·kg -1 ·m -1 ) decreases by 1/√ times. Thus, in the above case, the reduction is 14%. If we sum both metrics of energetic gain, the total energy conservation could reach more than 30%. Therefore, alternative explanations for the higher amount of energy saving shown in Fig. 3 require further investigation. Plastic sheets were used to separate the fish and eliminate any induced-velocity effects from other individuals. There were no significant differences in oxygen consumption between solitary fish separated in narrow channels and wide channels (lacking separators). Thus, our results confirm that hydrodynamic effects may not affect individuals swimming in narrow channels. Essentially, the narrow channels created by the plastic sheets could produce a mirror effect, similar to the channeling effect. However, the thin walls of the separators chosen for these experiments may be too flexible to provide a channeling (mirror) effect.
The periodic change in the induced velocity field in the wake of leading fish shown in Fig.6 may allow the follower positions to be selectively designated. Thus, we anticipate that position selectivity may be regulated by the inherent cruising speed and/or TBF, depending on species.
